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We demonstrate the feasibiUty of balUstic electron spectroscopy as a new tool for mesoscopic 
physics. A quantum dot is utilised as an energy-selective detector of non-equilibrium ballistic elec- 
trons injected into a two-dimensional electron system. In this paper we use a second quantum dot as 
the electron injector to evaluate the scheme. We propose an application in the study of interacting 
ID and OD systems. 

PACS numbers: 73.23.Ad, 73.23.Hk 



Quantum dots and wires are coming to an age of ap- 
plication and are used as building blocks of devices with 
increasing complexity. ^'^ This sets high standards in the 
characterization and understanding of the individual el- 
ements. Non-equilibrium transport measurement, also 
named transport spectroscopy, is amongst the most com- 
monly used tool to reveal characteristics of quantum 
wires^ and quantum dots^ For one-dimensional systems, 
the sub-band spacing can be determined; for quantum 
dots, level spacing and tunnelling rates can be extracted. 
However, if there is strong interaction between electrons 
in these systems, the internal structure cannot be as- 
sumed to be independent of the applied bias voltage. 

We propose instead to directly measure the energy 
distribution of non-equilibrium ballistic electrons leav- 
ing the device under study, allowing us to draw conclu- 
sions concerning the internal energetic structure with- 
out altering it with our measurement technique. Injec- 
tion and detection of non-equilibrium electrons has been 
demonstrated for MBE grown and Schottky gate induced 
tunnelling barriersSiSii and also using quantum point 
contacts. ^-^-^^ However, these techniques do not offer true 
energy selectivity as electrons at all energies beyond a 
threshold can pass the detector. Here we use the control- 
lable energy selectivity of resonant transport through a 
quantum dot as a spectrometer of non-equilibrium bal- 
listic electrons which allows us to assess the complete 
energy distribution. 

In this work we test the feasibility of our ballistic elec- 
tron spectroscopy scheme using a second quantum dot 
for a well-defined injection of non-equilibrium electrons. 
The schematic of our device is shown in Fig.^ Resonant 
tunnelling through the left quantum dot injects ballistic 
electrons into the middle two-dimensional electron sys- 
tem (2DES) region. Those electrons that travel ballis- 
tically to the detector dot and whose excess energy SE 
matches the resonance condition {SE = AE) can tunnel 
to its drain and are detected as a current. We change the 
resonant energy of the detector AE to scan the complete 
spectrum of the incident ballistic electrons. A magnetic 
field B perpendicular to the plane of the 2DES allows us 
to differentiate the ballistic portion of the signal. 

We use standard Schottky metal gates^^ to define our 
device in a high mobility 2DES in a GaAs/AlGaAs het- 
erostrucure. The 2DES lies 90 nm beneath the surface 



and has a density Ue = 1.7 x 10^^ m~^ and a mobil- 
ity fie = 170 m^/Vs. The transport mean free path, 
/e, is of order 12 /im, exceeding the dimensions of the 
device. All experiments were performed with an elec- 
tronic temperature T < 0.2 K. For this temperature 
and for the excess energies of our ballistic electrons, 
SE < 0.3 meV, we expect the dominant relaxation pro- 
cess to be electron-electron scattering, with a scattering 
length le-e > 10 iimM^ 

The gate layout is displayed as inset in Fig. [21 Two 
quantum dots of lithographic size 300 nm are separated 
by about 3 /im. The symmetry axis of the quantum dots 
are set at an angle to each other to avoid direct backscat- 
tering. Ohmic contacts allow independent control of the 
chemical potentials of all regions. With the exception of 
Fig-Eb we use the left quantum dot (QDl) to inject non- 
equilibrium ballistic electrons into the middle region. We 
bias the source with the sum of a negative DC-bias Vsd 
and a square- wave AC excitation (±50 /iV). The injector 
level of the dot is set to resonance with the mean chem- 
ical potential of the source lead as depicted in Fig. ^ 
Thus we inject ballistic electrons with an excess energy 
of SE ^ —eVsd into the middle region. The AC excitation 
modulates the flux of the ballistic electrons (modulation 
depth ~ 50%) and thereby allows for a more sensitive 
lock-in detection scheme. Throughout the paper we only 
state the AC currents in response to this modulation. 

The ballistic electron spectrometer is formed by the 




FIG. 1: Schematic of ballistic electron spectroscopy: The left 
quantum dot (QDl) injects non-equilibrium ballistic electrons 
into the middle 2DES region. Those electrons that travel to 
the detector quantum dot (QD2) can only tunnel to the right 
lead if their energy matches one of the detector dot states, 
the energy of which can be tuned by a gate. Recording the 
current / as function of the dot energy allows measurement 
of the spectrum of the incident electrons. 
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FIG. 2: Current /det [pA] measured by the detector dot as 
a function of detector energy and magnetic field B for 
200 /xeV injector energy. Panel (a) shows injection by QDl 
(injected current /inj ~ 280 pA) and detection by QD2, panel 
(b) shows the result of swapping injection and detection quan- 
tum dots (/inj ^ 210 pA). The dashed lines at B = ±18.5 mT 
mark the positions of maximum signal which reverses in B for 
the two configurations. Insets: Layout of the device; 'p' marks 
the plunger gate used to tune the dot energy. The crossed 
squares indicate ohmic contacts. Injected ballistic electrons 
travel along a curved path, Tc = 65 /jui/ B [mT]. The paths 
shown have radius 3.6 /xm corresponding to ±18 mT. 



detector quantum dot (QD2 except for Fig.I^b): its reso- 
nant transmission energy AE is tuned by a plunger gate 
and the transmitted current is measured by a lock-in 
technique at the injector modulation frequency. A small 
bias voltage (±100 /iV) across the detector (see Fig. 
improves the ballistic electron signal at small energies 
AE. The AE = point is determined for each spec- 
trometer sweep using the current response to a small AC 
voltage (5 /iV) applied across the detector dot. The con- 
version factors from plunger gate voltage Vp to energy 
AE were determined from bias spectroscopy measure- 
ments of the individual dots. 

We apply a small perpendicular magnetic field which 
forces the ballistic electrons into a cyclotron orbit with 
radius Tc = 65/im/5[mT]. The device design ensures 
that the injected ballistic electrons can reach the detector 
only for a non-zero magnetic field that gives the right 
curvature of the ballistic path. This allows direct ballistic 
electrons to be distinguished from scattered ones. 

Fig. 121 shows the AC-detector current as a function of 
spectrometer energy AE and magnetic field for an injec- 
tion energy of dE ^ 200 fieV. We first consider the mag- 
netic field dependence. In Fig. ^ we observe a strong 
signal around B — ±18.5 mT. The corresponding radius 
of 3.6 jiia matches the direct path between the dots as 
shown in the inset. We observe an additional maximum 
at 6 mT which is thought to be related to ballistic elec- 
trons undergoing a single scattering event with an im- 
purity in the region between the quantum dots. The 
sub-structure of the ballistic peak itself possibly reflects 
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FIG. 3: a) Schematic of detected signal due to tunnelling 
via excited states causing replica signal at apparent lower en- 
ergies, b) Bias characterization of the detector dot reveals 
excited states. The white line marks the ground state reso- 
nance with the source, the red lines mark the resonances due 
to the excited states discussed in the text, c) Normalized de- 
tector signal /det //inj as measured (injection by QDl set to 
^ 230 /ieV, detection by QD2). d) Deconvolved signal when 
considering two excited states. 



the angular distribution of the injection. We do not ob- 
serve any strong signal at larger positive or at any nega- 
tive magnetic fields. As an additional test of the ballistic 
nature of our signal we swapped the roles of source and 
detector dots. The result is shown in Fig. [SJd and reveals 
a signal distribution which is nearly a mirror image of 
Fig. [2ji with respect to 5 = 0. The main signal of di- 
rect ballistic electrons has swapped io B = — 18.5mT as 
the ballistic path now has opposite curvature. Thus the 
magnetic field dependence proves convincingly the direct 
ballistic nature of the signals around ±18 mT. 

We now turn to the energy dependence. We inject bal- 
listic electrons with an excess energy of 5E ^ 200 /ieV, 
and indeed we observe in Fig. [2^ a peak at AE ^ 
200 /ieV. Thus our spectrometer detects ballistic elec- 
trons at the correct energy. Additionally Fig. [2^ reveals 
a large maximum at a lower energy 6E ^100 /ieV. This 
might seem surprising at first glance as we expect to in- 
ject electrons only at one energy; but we can understand 
this by taking into account tunnelling through excited 
states of the detector dot which occurs at lower values of 
AE as depicted in Fig.Ot- Each excited state contributes 
to the measured spectrum a replica of the energy distri- 
bution of the impinging electrons at apparently lower en- 
ergy . Hence we measure a convolution of the true signal 
with the response function of the detector, which we can 
model as a sum of weighted ^-functions. The different 
excitation spectra of QDl and QD2 are responsible for 
the differences in the energy dependence of the measured 
currents in Fig.[2ji and[2l3. 

The excitation energies of the dot and the respective 
tunnelling rates can be determined from transport spec- 
troscopy of the detector quantum dot. The measurement 
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FIG. 4: a) Normalized detector signal for five different injec- 
tor bias voltages, b) Result of the deconvolution taking into 
account two excited states. The arrows indicate the expected 
energy shift of the ballistic signal. 

shown in Fig. ^ shows not only the ground state reso- 
nance with the source chemical potential (marked by a 
white line) but also resonances due to a strong excited 
state with excitation energy Si = 90 /ieV (solid red line) 
and a further weak excited state at £2 = 160 fieV (dotted 
red line, revealed by a negative dl/dVsd)- We can esti- 
mate the ratio of the tunnelling rates as ri = Fi/Fq ^ 2.5 
and r2 = r2/Fo ^ 1. We can now use these results to 
perform a deconvolution of the measured spectrum as fol- 
lows: the desired signal which would be measured in the 
absence of excited states is represented by a equi-spaced 
cubic spline. The convolution of this trial function with 
the response function S{E) + ri6{E — £1) + r2S{E — £2) 
is calculated, and a linear least-squares fit to the mea- 
sured current then determines the spline coefficients and 
thus the spectrum. Fig. ^ shows the normalized detec- 
tor current for a measurement with injection at —eVsd = 
230 /ieV. The result of the deconvolution is displayed in 
Fig. The replica signals at lower energy were largely 
removed and the true spectrum of ballistic electrons with 
a narrow energy distribution is revealed. 

Now we have demonstrated ballistic electron spec- 
troscopy for a single injection energy, we proceed by vary- 
ing the excess energy. Fig. 0] shows the spectra resulting 
from varying 5E = — eV^d- For each Vsd value of the in- 
jector dot, its plunger gate voltage Vp was adjusted to 
achieve resonance of the injector level with the source 



chemical potential (Fig.QJ. It is clear that the raw mea- 
sured signal in Fig.^ demonstrates the expected shift of 
the spectrum with increasing injection energy. This be- 
comes even clearer in the deconvolved signal of Fig. ^p. 
Here we used the same tunnelling rate ratios ri,2 as in 
Fig.jSli. Our simplified assumption of constant tunnelling 
rates accounts for the reduced quality of the deconvolu- 
tion at high energies; a closer look to Fig. ^ reveals a 
voltage dependence of the conductance along the marked 
lines and thus a change of tunnelling rates. A more elab- 
orate characterization of the detector dot would allow an 
improved quality of deconvolution. 

Fig. 21 also reveals that the amplitude of the spectrom- 
eter signal at AE = SE = — eV^d falls with rising energy 
while the low energy signal near AE = increases. At 
the highest bias the reduction amounts to about 50%. 
If we assume scattering as the only cause of signal re- 
duction we deduce a scattering length of ~ 4 /im and 
a scattering time of about r ~ 25 ps. The predicted 
value for pure electron-electron scattering for excess en- 
ergy 5E = 320 /ieV and Fermi energy Ef = 6meV is 
le-e ^ 10 /im.^'^^ Further experiments are needed to test 
whether the smaller experimental value is caused by ad- 
ditional scattering or some other effect. 

In conclusion, we have demonstrated the use of a quan- 
tum dot as a ballistic electron spectrometer. We have 
tested the scheme using a second quantum dot to source 
non-equilibrium ballistic electrons with a narrow energy 
and angle distribution. Using deconvolution techniques 
we can extract the spectrum even in the presence of ex- 
cited states of the detector dot. The performance will 
increase further if we engineer the detector dot for larger 
excitation energy of a few 100 /ieV. 

Among the many potential applications of ballistic 
electron spectroscopy we can mention only a few: For 
quantum wires the position and movement of the sub- 
band energies could be measured near the 0.7 anomaly; 
the enhanced density of states of a quantum dot in the 
Kondo regime could be traced; resonant tunnelling in- 
volving non-equilibrium dot states could be characterized 
and the energy relaxation of non-equilibrium electrons 
could be measured in detail. 
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